Previous studies from this laboratory had shown that exposure of mice to cold water stress leads to an increase in the secretion of interleukin-I (IL-l) and tumor necrosis factor-a (TNFQ) from their peritoneal macrophages.
We now report that the secretion of IL-6 from peritoneal macrophages is also increased after cold water stress and that the peptide substance P (SP) participates in this stress-induced response. The stress paradigm involved subjecting male C57BU6J mice to 5 min swim tests in IO i 2°C water twice daily for 4 d. Cold water stress augments the lipopolysaccharide-induced IL-6 secretion from peritoneal macrophages, elevates immunoreactive SP (ISP) in the peritoneal wash fluid, and reduces iSP in certain peritoneum-containing tissues or organs (i.e., diaphragm, abdominal wall, ileum, and rectum). The 10 d stress time course studies indicate that increased IL-6 secretion is positively related to elevated iSP in the peritoneal wash fluid and inversely related to reduced iSP in certain peritoneum-containing tissues. Pretreatment with capsaicin, which depletes SP in the sensory nerve endings, eliminates stress-control differences in the peritoneal wash fluid and in certain peritoneal tissues. Moreover, RP67,580, a specific SP antagonist, eliminates the cold water stress-induced augmentation of IL-6 secretion from peritoneal macrophages.
These results suggest that cold water stress promotes the release of SP from peritoneal tissues into the peritoneal cavity, where it participates in the cold water stress-induced macrophage functional alterations. Key words: substance P; stress; macrophage; cytokine; interleukin-6; capsaicin; RP67,580
There have been many reports indicating that stress can affect immune functions (Irwin, 1993; Black, 1994a,b, 199.5; Ursin, 1994) . Most of these studies have focused on alterations of lymphocyte activity (Ottaway and Husband, 1994) , whereas relatively few have investigated changes in macrophage activity (Coe et al., 1988; Brown and Zwilling, 1994; Fleshner et al., 1995) (for review, see Adams, 1994) . Experiments in this laboratory have shown that cold water stress in mice can augment macrophage proinflammatory cytokine production.
After cold water stress, interleukin-1 (IL-l) is secreted spontaneously (Jiang et al., 1990) , whereas increased amounts of tumor necrosis factor-a (TNFa) are secreted after exposure to lipopolysaccharide (LPS) (C. ChancellorFreeland, G. F. Zhu, A. S. Berman, D. I. Beller, S. E. Leeman, P. H. Black, unpublished observations). We now report the increase in IL-6 (another proinflammatory cytokine) secretion from elicited mouse peritoneal macrophages after cold water stress.
We have also investigated the participation of substance P (SP) in the cold water stress-induced alteration of cytokine secretion. SP, an ll-amino-acid neuropeptide, is widely distributed in the CNS and PNS. It mediates pain, inflammation, and many other physiological and pathological processes (Pernow, 1983; Otsuka and Yoshioka, 1993) . In the PNS, it is mainly present in peripheral sensory neurons, particularly in small unmyelinated fibers. It has been identified in nerve endings throughout the body, including the skin, joints, and vascular, gastrointestinal, and mucosal tissues. Evidence suggests that SP can affect immune functions and the inflammatory response at these sites (McGillis et al., 1990) . SP induces the release of IL-l and TNFa from glial cells (Martin et al., 1993; Luber-Narod et al., 1994) and mononuclear leukocytes (Kimball et al., 1988) ; IL-l, IL-6, and TNFcv from monocytes (Lotz et al., 1988; Laurenzi et al., 1990) ; affects cytokine secretion by bone marrow cells (Rameshwar et al., 1993 (Rameshwar et al., , 1994 (Rameshwar et al., , 1995 ; and primes neutrophils (Perianin et al., 1989; Lloyds et al., 1993 Lloyds et al., , 1995 and eosinophils (Kroegel et al., 1990) . Specific high-affinity SP receptors are present on lymphocytes (Payan et al., 1984; Stanisz et al., 1987; Bost, 19SS) , glial cells (Mantyh et al., 1989; Martin et al., 1993) , mast cells (Piotrowski et al., 1987) , and macrophages and monocytes (Hartung et al., 1986 (Hartung et al., , 1988 Lotz et al., 1988; Bost et al., 1992) . Taken together, the literature indicates that SP can function as an immune mediator involved in the modulation of inflammatory, hypersensitivity, cell-mediated, and humoral immune responses.
To determine whether SP participates in the stress-induced increase in IL-6 secretion from peritoneal macrophages, we measured SP concentrations in the peritoneal fluid that bathes the peritoneal macrophages. We also investigated the source of SP in the peritoneal fluid, as well as the effect of the SP antagonist RP67,580 on cytokine production.
MATERIALS AND METHODS Animals
Male C57BL/6J mice were obtained at age 6-8 weeks from Jackson Laboratory (Bar Harbor, ME 
Stress procedure
The stress was administered twice daily (9 A.M. and 4 P.M.) for a duration of 5 min for 4 d, except in the 10 d stress time course experiments, in which the stress was administered twice daily for the indicated number of days. We used a 4 d cold water stress paradigm because it was found to bc optimal for dctcction of certain stress-induced immune changes in our previous study (Jiang ct al., 1990) and in other studies (Aarstad et al., 1983) . Mice were placed, one at a time, in a 4 I beaker filled with I 1 of cold water (IO t 2°C). At the end of each test, wet mice were dried to prcvcnt hypothermia and were returned to the cage.
Preparation of peritoneal macrophages
Each mouse was injected with 1. 
Extraction of samples ,for SP-radioimmunoassay
Peritoneal wash &id. The peritoneal cavity was lavaged with 2 ml of cold, low endotoxin PBS plus proteinase inhibitors (5 kg/ml leupeptin, 100 &ml chymostatin, and 300 pg/ml bacitracin, all purchased from Sigma) to prevent SP degradation.
The wash fluid was centrifuged at 400 x s for 8 min at 4°C. The supernatant fluid, which will be referred to as peritoneal wash fluid throughout this article, was extracted for SP by the method of Lceman and Mroz (1974) . Briefly, acetic acid was added to the peritoneal wash fluid to a final concentration of IN, boiled for 5 min, and centrifuged at 5000 X g for 5 min. The supernatant was then lyophilized overnight and kept in a -70°C freezer for SP analysis by SPradioimmunoassay (SP-RIA). Tissllr.7 rind PEC. The boiling acetic acid method was used to extract SP in tissues and PEC (Lceman and Mroz, 1974) . Briefly, IN acetic acid was added to tissues and PEC pellets. The samples were then boiled, homogcnized, and centrifuged, and the supernatant was lyophilized and stored at -70°C before SP analysis by RIA, as described above.
RIA of SP
RIA was used to detect immunoreactive SP (iSP) in the peritoneal wash fluid, PEC, and other tissues by the method of Leeman and Mroz (1974 
RESULTS
Cold water stress augments LPS-induced IL-6 secretion from elicited peritoneal macrophages Peritoneal macrophages from individual control and stressed mice were cultured with different doses of LPS for 20 hr. ELISA determinations for IL-6 in the culture supernatants indicated that IL-6 secretion by macrophages from stressed mice was significantly increased in response to LPS compared with macrophages from control mice at all concentrations B12.S @ml. There was little or no IL-6 secretion in the absence of LPS. Macrophages, from both control and stressed mice, show a clear dose-response relationship to LPS (Fig. 1) .
Cold water stress increases iSP in peritoneal wash fluid
To investigate whether exposure to cold water stress alters the content of SP in the peritoneal fluid, we examined iSP in the peritoneal wash fluid. We found a significant increase in iSP in the peritoneal wash fluids from stressed mice (n = 9) (8.72 ? 1.94 fmoliml) relative to control mice (n = 9) (1.91 2 0.58 fmoliml) (Fig. 2) . The negative control (PBS + inhibitors) showed no iSP.
To further characterize iSP in the peritoneal wash fluid, fractionation by HPLC was used. In this experiment, the peritoneal wash fluids from each group of mice (control and stress, IZ = 12 each) were pooled. Reversed-phase HPLC of each pool was performed as described in Materials and Methods. SP in the peritoneal wash fluid elutes from the column with the same retention time as synthetic SP (Fig. 3) . These data further suggest that iSP in the peritoneal wash fluid is authentic SP. Furthermore, the SP content in the pooled peritoneal wash fluids from stressed .-0 control H stress 10 Figure   2 . Cold water stress increases iSP in the peritoneal wash fluid. A significant increase in iSP is seen in the peritoneal wash fluid of the stressed mice relative to the nonstressed, control mice. The data are presented as mean t SE from individual animals (n = 9) and represent two combined experiments. **t(,(,) = 3.37; p < 0.01 compared with control. To investigate the possible sources of SP in the peritoneal fluid, we examined iSP in PEC and in selected peritoneal tissues after 4 d of cold water stress. We refer to peritoneal tissue as tissues and/or organs in the abdominal cavity covered by either visceral or parietal peritoneum. Levels of SP in PEC from individual as well as pooled (n = 5) mice were undetectable.
SP content in most of the peritoneal tissues measured was slightly reduced after stress; however, a significant reduction was observed in the diaphragm, abdominal wall (peritoneum and underlying muscle), ileum, and rectum (Fig. 4) . These results suggest that SP may be released from these peritoneal tissues into the peritoneal cavity after stress.
There is a relationship between IL-6 secretion from PEC and SP content in the peritoneal wash fluid and in certain peritoneal tissues during a 10 d cold water stress time course study These experiments consisted of control mice as well as mice stressed for 1, 3, 5, 7, and 10 d. Data from these 10 d time course studies are shown in Figure 5 . iSP in peritoneal tissues (in particular, the diaphragm, abdominal wall, ileum, and rectum) was reduced initially, especially after 5 d of stress, then gradually returned to baseline between 7 and 10 d of stress (Fig. 5A,B) . iSP in peritoneal wash fluids became progressively elevated from 1 to 5 d of stress. It then returned to control levels between 7 and 10 d of stress (Fig. 5C ). Elevated iSP in the peritoneal wash fluid was inversely related to reduced iSP in these tissues. LPS-induced IL-6 secretion from peritoneal macrophages was increased initially at day 3, dramatically increased by day 5 of the stress regimen, and then returned to control levels between 7 and 10 d of stress (Fig.  5D) . Increased IL-6 shows a positive correlation with iSP in the peritoneal wash fluid.
Capsaicin pretreatment eliminates stress-control differences in iSP contents in certain peritoneal tissues and in peritoneal wash fluid
To determine whether depletion of SP could eliminate stresscontrol differences in peritoneal tissues and in peritoneal wash fluid, the neurotoxin capsaicin was used. Capsaicin is a pharmacological tool used primarily to deplete SP in nerve endings, especially unmyelinated sensory nerve endings containing SP (Buck and Burks, 1986) . We therefore administered capsaicin to deplete SP in the peritoneal tissues to determine whether this affected peritoneal iSP. We found that (1) capsaicin could decrease iSP in diaphragm (59%) and abdominal wall (83%) and eliminate stress-control differences in iSP levels in both tissues (Fig. ti) ; (2) capsaicin did not significantly deplete SP in intestines (Fig. 6B) , which is consistent with previous reports (Buck and Burks, 1986; McGregor and Conlon, 1991) , because the majority of SP in the intestines comes from intrinsic neurons, which are not affected by capsaicin; and (3) stress-induced SP increases in the peritoneal wash fluid were diminished by pretreatment with capsaicin (Fig. 6C) . June 1, 1996, 76(11):3745-3752 Zhu et al. The SP antagonist RP67,580 blocks the cold water stress-induced increase in IL-6 secretion from peritoneal macrophages To determine whether SP plays a role in the stress-induced augmentation of IL-6 secretion from peritoneal macrophages, we used the SP antagonist RP67,580. Mice were divided into four groups: (1) control; (2) stress; (3) stress + RP68,651 (inactive enantiomer); and (4) stress + RP67,580. Animals from group 4 were injected intraperitoneally with 1.5 mg/kg of the SP antagonist RP67,580 before each stress, twice daily for 4 d. Mice from group 3 were injected intraperitoneally with 1.5 mg/kg of the inactive enantiomer, RP68,651, before each stress, twice daily for 4 d. All mice except controls were subjected to cold water stress twice a day for 4 d. Peritoneal macrophages were prepared and cultured with 100 @ml LPS for 20 hr. Culture supernatants were harvested for IL-6 assay by ELISA. antagonist RP67,580, but not its inactive enantiomer RP68,651, can block cold water stress-induced enhancement of LPS-induced IL-6 secretion from peritoneal macrophages (Fig. 7) .
DISCUSSION
We previously found that macrophages from stressed mice release IL-l spontaneously and secrete more LPS-induced TNFcv than control mice. The results reported here indicate that after cold water stress a significant enhancement of LPS-induced IL-6 secretion was found in elicited peritoneal macrophages. In other studies, various physical and psychological stressors have been reported to increase circulating levels of IL-6 (Nishimoto et al., 1989; Lemay et al., 1990; Zhou et al., 1993) ; however, the mediators that increase IL-6 after stress have not been delineated. cold water stress-induced alteration of cytokine secretion from peritoneal macrophages. We measured SP contents in the peritoneal wash fluids of cold water stressed and nonstressed (control) mice, investigated the putative sources of peritoneal SP, and examined the stress-induced changes after depleting SP by pretreatment with capsaicin or by blocking the SP receptor by treatment with an SP antagonist.
Based on the known effects of SP in modulating macrophage function, we sought to determine whether SP participates in the We found that iSP in the peritoneal wash fluid was significantly increased after a 4 d cold water stress regimen. The determination of SP content in the peritoneal fluids is somewhat difficult because the peritoneal fluid is composed of a complex mixture of factors. Proteins and peptides are present that may cross-react with anti-SP antibody. Salts are present that may affect the binding of antigen and antibody. Each may affect the results of the RIA and give a false-positive or false-negative result. To further character-P, Col HPLC was used. We found that both SP in the peritoneal wash fluid and synthetic SP were eluted from the column at the same time, which suggests that the iSP in the peritoneal wash fluids measured by RIA is authentic SP. Furthermore, stressed mice had higher iSP in their peritoneal wash fluids than control mice. These results further support the notion that SP is present in the peritoneal fluid and increased after cold water stress.
We next investigated the possible sources of the peritoneal SP. In the periphery, SP is localized in the primary sensory neurons, in the intrinsic enteric neurons, as well as in other non-neuronal cell types, such as macrophages (Pascual and Bost, 1990; Bost et al., 1992) endothelial cells (Linnik and Moskowitz, 1989; Ralevic et al., 1990) and eosinophils (Aliakbari et al., 1987; Weinstock et al., 1988) . It is possible that SP in the peritoneal cavity originated from (1) peritoneal macrophages; trinsic enteric neurons in the gastrointestinal tissues. Although it has been reported that P388Dl macrophages can secrete SP (Pascual and Bost, 1990; Bost et al., 1992) , we were unable to detect iSP in the PEC. This result suggests that peritoneal macrophages are unlikely to be the predominant source of SP in the peritoneal cavity.
The peritoneal cavity is the space between the abdominal wall, diaphragm, and the abdominal viscera. These tissues are covered by parietal and visceral peritoneum, respectively, in which there are many sensory nerve endings containing SP. SP is synthesized in the cell bodies of neurons and transported axoplasmically for storage in the nerve endings, from which it can be released after stimulation (Hakanson et al., 1987) . We hypothesized that the most likely source of SP in the peritoneal fluid came from peritoneum-containing tissues surrounding or contained within the abdominal cavity. We therefore investigated various peritoneal tissues for iSP after stress by SP-RIA. We showed that iSP is significantly reduced in the abdominal wall, diaphragm, ileum, and rectum subsequent to stress.
The 10 d stress time course further verifies this hypothesis and suggests a causal relationship between iSP in the peritoneal wash fluid, iSP in peritoneal tissues, and IL-6 secretion from peritoneal macrophages. In the 10 d stress time course study, increased IL-6 secretion appears to be directly related to elevated iSP in the peritoneal wash fluid. Furthermore, both increased IL-6 secretion and iSP in the peritoneal wash fluid appear to be inversely related to reduced iSP in certain peritoneal tissues. These data suggest that, after cold water stress, SP is released from peritoneal tissues into the peritoneal cavity, where SP could modulate macrophage function.
To further define the role of SP in the demonstrated stressinduced changes, we studied the stress response in mice that had been pretreated with capsaicin. In our experiment, pretreatment with capsaicin significantly reduced iSP in the diaphragm and abdominal wall. After capsaicin induced depletion of SP in the peritoneal tissues, SP would be unable to be released into the peritoneal fluid, thus providing a mechanism for the reduction in the stress-induced increase in iSP in the peritoneal wash fluid.
To determine whether SP plays a role in the stress-induced augmentation of IL-6 secretion, we attempted to block the SP receptors by an SP antagonist. We used the nonpeptide SP an-
